First principles-based electronic structure calculations of superhard iron tetraboride (FeB 4 ) under high pressure have been undertaken in this study. Starting with a "conventional" superconducting phase of this material under high pressure leads to an unexpected phase transition toward a semiconducting one. This transition occurred at 53.7 GPa, and this pressure acts as a demarcation between two distinct crystal symmetries, metallic orthorhombic and semiconducting tetragonal phases, with Pnnm and I4 1 /acd space groups, respectively. In this work, the electron-phonon coupling-derived superconducting T c has been determined up to 60 GPa and along with optical band gap variation with increasing pressure up to 300 GPa. The dynamic stability has been confirmed by phonon dispersion calculations throughout this study.
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metal-semiconductor phase transition | superhard material | first principle study | high pressure | superconductivity T he shorter interatomic distances of metal under external pressure consequently increase the valence and conduction band widths, which leads to the enhancement of free electronlike behavior. The development of creating immensely substantial pressure at laboratories enables us to observe the core electrons overlapping under enormous compression and dramatically influences the electronic properties of normally free electron metals such as Li and Na (1-3). The metalto-insulating phase transformation has been contrived both experimentally and theoretically for both the normal metals while exerting pressure on them. This observation propelled us to investigate the electronic and structural phase transformation of the experimentally synthesized superhard material iron tetraboride (FeB 4 ) under high pressure (4) (5) (6) (7) (8) . The intriguing factor of choosing FeB 4 is that the material was proposed as a "conventional" Fe-based superconductor, in contradiction to the discovery of an "unconventional" Febased superconductor because of its large electron-phonon coupling. Here we report the exotic phase transition of FeB 4 from metal to semiconductor at 53.7 GPa, even though we started with the metallic orthorhombic phase Pnnm of FeB 4 , which shows the superconducting temperature T c up to 60 GPa. The new phase after 53.7 GPa has I4 1 =acd space group symmetry with a finite fundamental band gap, which increases along with pressure monotonically. All of the considered structures have been tested to have a thermodynamic stability from phonon dispersion calculations. The reason behind the phenomena could be the overlap of atomic cores at higher pressure ranges, which increases the hybridization of valence electrons and their repulsive interactions with core electrons. The immediate technological outcome of this scenario of metal-to-semiconducting phase transition could be to search for a transparent state of a material that is a metal under ambient conditions. This drastic change of electronic and structural properties can be observed in other materials as well, and hence this can open a field of studying them from a high-pressure perspective.
Results and Discussion
We have started compressing the Pnnm structure, which has equilibrium lattice constants a 0 = 4:52 Å, b 0 = 5:27 Å, and 5). While compressing the initial structure ( Fig. 1 ), we have found that after 53.7 GPa another possible structure has emerged that is more energetically favorable as far as the enthalpy contribution is concerned. The new structure that has been predicted by the evolutionary algorithm (USPEX) (9, 10) has the symmetry I4 1 =acd tetragonal phase. The first-order phase transition occurred while transforming from Pnnm to 
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Solids have been mainly studied at ambient conditions (i.e., at room temperature and zero pressure). However, it was realized early that there is also a fundamental relation between volume and structure and that this dependence could be most fruitfully studied by means of high-pressure experimental techniques. From a theoretical point of view this is an ideal type of experiment, because only the volume is changed, which is a very clean variation of the external conditions. In the present study we show a hard superconducting material, iron tetraboride, transforms into a novel transparent phase under pressure. Further, this phase is the first system in this class, to our knowledge, and opens a new route to search for and design new transparent materials.
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and of B (8g) at (0.25, 0.00, 0.369) at 58 GPa. The enhanced bulk modulus of I4 1 =acd and P4 2 =nmc phases indicate that they are harder than the ambient structure. Although a previous study reported the dynamic stability of the (Pnnm) phase from 0 to 100 GPa (6), the phonon dispersion of the I4 1 =acd phase at 53.7 GPa as shown in Fig. 2 reveals the dynamic stability and it is even maintained up to 300 GPa. The top and side views of the considered atomic structures are depicted in Fig. 3 .
It is worth mentioning that the tetragonal with space group P4 2 =nmc emerges in parallel with the formation enthalpy higher (around 30 meV/f.u.) than I4 1 =acd, as indicated in Fig. 4 , and the structure also shows dynamic stability at 53.7 GPa up to 300 GPa. This suggests that these two tetragonal phases may be mutually found in experiments within the same pressure range. In addition, the structures having space group C2=m, R3m, and P6 3 mc are the other possible candidate structures, which have been derived from the USPEX, but their enthalpies are relatively higher than the I4 1 =acd phase with a minimum value of 300 meV/f.u. Fig. 5A depicts the pressure dependence of electron-phonon coupling constant (λ), the superconducting critical temperature (T c ), and logarithm of phonon momentum ðω log Þ for the Pnnm structure. At ambient pressure, the T c is calculated to be 2.72 K by using the effective Coulomb repulsion parameter (μ*) of 0.18. We have additionally performed the tests using different values of μ* such as 0.10 and 0.14 and we have found the corresponding T c values to be 9.35 K and 5.50 K, respectively. Hence, the T c evaluated by the stronger μ* of 0.18 quantitatively agrees with the experimental value of 2.9 K (5), because Fe-d electrons are strongly localized near the Fermi level (11) . Under compression, the λ monotonically gets suppressed, resulting in a drop of T c at increasing pressure. However, the anomalous recovery of λ and T c is found at 60 GPa, which is associated with the softening of phonons to yield the strong electron-phonon coupling. Further, the calculated spectral function α 2 FðωÞ and integrated λðωÞ at the selected pressure points shown in Fig. 6 reveal that the lowfrequency regime (0 to around 350 cm −1 ), which originates from Fe-B vibration, significantly contributes to λ. Therefore, we conclude that the observed superconductivity of the Pnnm phase is mainly attributed to the strong coupling of Fe-B vibration at low frequencies.
We have established the pressure-induced phase transition from Pnnm to I4 1 =acd, and the details regarding their electronic structures are presented in Fig. 7 . The Pnnm phase exhibits a nonsemiconducting behavior both at 0 and 60 GPa, which is typically characterized by finite states at the Fermi level owing to the hybridization between Fe-3d states and B-2p states. We find the bands crossing the Fermi level at Γ → Z and U → R, which corresponds to the 3D Fermi surface centered at Γ and R points (4). These flat bands coming from Fe-d and B-p states are crucial for the observed superconductivity in FeB 4 as previously described. By contrast, the I4 1 =acd at 53.7 GPa does exhibit a semiconducting feature with the indirect band gap of 1.07 eV. The underlying metal-to-semiconductor transition in FeB 4 can be evident from the electron localization function (ELF) (Fig. 7 , Right) that the I4 1 =acd phase possesses the considerable localization of electrons near Fe atoms compared with the Pnnm counterpart. Under further compression from 53.7 GPa to 300 GPa the gap is observed to be slightly changed by the variation less than 7%, as indicated in Fig. 5B . For more reliable band gap and considering the derivative discontinuity of the Kohn-Sham eigenvalue, we are using the screening hybrid functional HSE06 (12) . The infinitesimal variation in band gap during the compression can be described by the fact that the I4 1 =acd phase is highly incompressible.
The sensitive pressure-induced metal-to-semiconductor transition in FeB 4 may arise from the appreciable variation in bonding features between Pnnm and I4 1 =acd states. This is clearly seen by the key difference of ELF between Pnnm and I4 1 =acd shown in Fig. 7 , Right. In I4 1 =acd, there is a notable degree of electron localization at the open interstices, but it is minimal near and between ions. This localization is associated with the repulsion between core and valence electrons of neighboring ions at sufficiently high pressure, resulting in enhanced Fe (3d)-B(2p) hybridization owing to an energy decrement of 3d bands with respect to 2p bands (1, 13) . This effect is apparently evidenced by the significant hybridization between Fe (3d )-B(2p) close to the Fermi level shown in Fig. 7C .
Conclusions
In this work, a systematic density functional theory-driven first principles study leads us to demonstrate an abrupt phase transition of the superhard material FeB 4 under high pressure from conventional superconductor to semiconductor. We have observed strong electron-phonon coupling below 53.7 GPa with orthorhombic Pnnm symmetry and a transition to semiconducting phase having I4 1 =acd space group symmetry at that particular pressure. The semiconducting phase is dynamically stable up to 300 GPa, which has been confirmed from phonon dispersion calculations. All of the considered structures have been tested to have thermodynamic stability from phonon dispersion calculations. The profound reason behind this exciting phenomenon could be the overlap of atomic cores at higher pressure range, which increases the hybridization of valence electrons and their repulsive interactions with core electrons. The immediate technological outcome of this scenario of metalto-semiconductor phase transition could be to search for a transparent state of a material that is a metal under ambient conditions. This drastic change of electronic and structural properties can be observed in other materials as well, and hence this could open a field of studying them from a high-pressure perspective.
Materials and Methods
The behavior under high pressure of the Pnnm phase has been investigated considering the mechanical property and the electron-phonon coupling (100) and (101) for Pnnm and I4 1 =acd, respectively. that leads to superconductivity. Moreover, the higher-pressure phase has been predicted using the evolutionary algorithm within the USPEX code (9, 10) with an interface to the projector augmented wave (PAW) method (14) implemented VASP code (15, 16) , from 50 GPa to 300 GPa within size cell is up to 8 f.u. (8 of Fe and 32 of B atoms per cell). To obtain reliable and consistent results, the crystal structure of the first two lowest enthalpy phases at each pressure is being accurately optimized. These calculations are performed based on density-functional theory (DFT) formalism. The PAW approach with nonlinear core correction and valence states of Fe (3p (for I4 1 =acd in primitive cell), 10 × 10 × 7 (for P4 2 =nmc), and 900 eV, which have been tested to ensure the energy convergence of 1 meV/atom. We have used the Birch-Murnaghan equation of state to fit the energy with respect to the corresponding volume (17) . The lowest enthalpy phase is the most stable phase at a specific pressure when considering the profile of enthalpy and pressure for different phases. To confirm the dynamical stability of the most stable phase from the previous structure prediction, we have performed phonon calculations based on the density functional perturbation theory (DPFT) framework as used in Phonopy code (18) . To explore the electronic properties of the considered structures, we have performed the band structures and electronic density of states calculations with more accurate k-points mesh. We have used PBE (19) type generalized gradient approximation for exchange correlation functional for the electronic structure calculations. For calculating the optical band gap, we have considered the derivative discontinuity of KohnSham energy eigenvalues as formulated in hybrid-type exchange correlation functional HSE06 (20) .
Because FeB 4 has been reported as a phonon-mediated superconductor at ambient pressure (4, 5), we have also quantified the electronphonon couplings of Pnnm to elucidate the variation of its superconducting feature with respect to pressure. These calculations are carried out using Quantum Espresso package (21, 22) based on the PAW approach. The cutoff energy is set to be 90 Ryd with the convergence setting of 2 × 2 × 4 q-mesh and 6 × 6 × 12 k-mesh for the dynamical matrix and 12 × 12 × 24 k-mesh for the electron-phonon coupling. The superconducting critical temperature (T c ) has been evaluated by the Allen Dynes formula (23, 24) .
